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Transmission Characteristics of Germanium Thin- 
Film-Coated Metallic Hollow Waveguides for 
High-powered CO, Laser Light 
AKIHITO HONGO, KEN-ICHI MOROSAWA, TSUNEO SHIOTA, YUJI MATSUURA, AND 
MITSUNOBU MIYAGI, MEMBER, IEEE 
Abstract-Transmission properties of germaniumcoated nickel and 
silver hollow waveguides were fully analyzed experimentally. Trans- 
mission losses of 0.05 dB/m have been attained for waveguides with a 
1.5 mm diameter and around 500 W of CW CO2 laser light have been 
successfully transmitted through a straight germaniumcoated silver 
waveguide. 
I. INTRODUCTION 
0, lasers have been widely used for cutting, welding, C and heat treatments of metals or ceramics in indus- 
trial fields and for surgery in medical fields because high 
power can be efficiently obtained and the oscillating 
wavelength is located at the wavelength where large ab- 
sorption of water occurs. However, as the wavelength of 
the laser is 10.6 pm, silica-based optical fibers cannot be 
used as transmission media. Furthermore, efficient crys- 
talline or chalcogenide glass fibers are not available for 
high-power transmission. Therefore, at present, articular 
beam waveguides consisting of mirrors and lenses have 
been widely used to transmit the high-powered CO2 laser 
light, although spatial freedom and high-speed processing 
are rather limited and the cost of total system is rather 
high. As far as the present articular system is employed, 
a workbench and a laser cannot be separated and the dis- 
tance between them cannot be kept apart. Therefore, flex- 
ible waveguides capable of transmitting high-powered 
CO2 laser light have been urgently required to be devel- 
oped. By comparing solid fibers to hollow-core wave- 
guides, the latter seems to be superior to the former when 
they are used in mild bending regions because the reflec- 
tion losses at the input and output ends are small, and 
efficient cooling is easily applicable to the hollow wave- 
guides. 
The authors have been developing a dielectric-coated 
metallic hollow waveguide, although various types of 
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hollow waveguides have been reported [1]-[13]. In this 
paper, to put the waveguide to a practical use, we studied 
various losses such as straight waveguide losses, coupling 
losses from CO2 laser, and bending losses. Next, we stud- 
ied that high-powered CO2 laser light could be transmitted 
through the germanium-coated waveguides, and we in- 
vestigated beam profiles from straight or bent wave- 
guides. Finally, to see the application of the waveguide 
in other wavelengths different from 10.6 pm, we investi- 
gated the wavelength dependent on losses of the wave- 
guide excited by incoherent IR light. As a result, we can 
also obtain the thickness of the deposited germanium layer 
very precisely. 
. 
11. STRUCTURE OF GERMANIUM-COATED METALLIC 
HOLLOW WAVEGUIDES 
Fig. 1 shows a basic structure of the germanium-coated 
metallic hollow waveguide. Most of the guided power is 
confined to the hollow-core region. The germanium layer 
functions so that the reflections from the interfaces of the 
air-germanium layer and the germanium-metallic layer 
are enhanced, i.e., the thickness d of the germanium layer 
is chosen as 
tan-' ( a ) 1 d =  
(U' - 1 p 2  n o b  - 1 f 4  
where no( = 1) is the refractive index of the hollow core, 
uno (= 4) is the refractive index of germanium, and ko is 
the wavenumber in vacuum. 
Waveguides to be investigated are germanium-coated 
nickel (Ge-Ni) and germanium-coated silver (Ge-Ag) 
hollow waveguides. In Ge-Ni hollow waveguides, a 
nickel layer with a thickness of around 100 pm makes the 
waveguides mechanically strong. In Ge-Ag hollow wave- 
guides, a silver layer whose thickness is less than 1 pm 
lies between the germanium layer and the nickel layer of 
100 pm, which only works as the supporting medium. 
Germanium and silver layers are formed by a RF-sputter- 
ing technique, and a nickel layer is formed by an electro- 
plating technique [lo]. The diameter and the length of 
fabricated wGeguides are fixed to be 1.5 mm and 1 m, 
respectively. 
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CO2 Laser Lens 
Fig. 2 .  Experimental setup for measuring waveguide losses. 
Fig. 1 ,  Structure of a germanium-coated metallic hollow waveguide. 
111. TRANSMISSION PROPERTIES OF GERMANIUM- 
COATED METALLIC HOLLOW WAVEGUIDES FOR 
CO2 LASER LIGHT 
A .  Germanium Layer-Thickness Dependence of 
Waveguide Loss 
We first studied the straight waveguide loss depending 
on the thickness of a germanium layer by using the mea- 
suring system shown in Fig. 2. The laser used radiates a 
Gaussian beam with an output power of 8 W, a beam di- 
ameter of 1.7 mm, and a beam divergence angle of 8.5 
mrad. In order to eliminate higher order modes, an alu- 
minum pipe with a diameter of 1.1 mm and a length of 26 
cm is used as a launching waveguide, whose transmission 
loss was 3 dB. The focal length of a lens was 2.5 in, 
which was set so that the beam waist was located at the 
input end of the launching waveguide. 
Fig. 3(aj and (bj show measured transmission losses of 
the Ge-Ni and Ge-Ag hollow waveguides as a function 
of the thickness of the germanium layer. The solid lines 
represent the theoretical loss curves [7] obtained by as- 
suming that the complex refractive indexes of nickel and 
silver are 9.1-j34.4 and 13.5-j75.2, respectively. The 
minimum losses of the Ge-Ni and Ge-Ag hollow wave- 
guides obtained so far are 0.066 and 0.048 dB/m, re- 
spectively. Notice that the attenuation constant ci of the 
HEl I  mode is described by [7] 
1 nokoui n 
2 (nokoT)3 n’ + K’ + (a’ - a’ I )  I,.)? 
a=--- 
where Tis the hollow-core radius, ( n  - j K )  no is the com- 
plex refractive index of the metal, and uo is the first zero 
of Jo(uoj ,  i.e., 2.405. This equation shows that a loss 
reduction ratio of 1 / 3  can be made by replacing nickel 
by silver. This is the reason why we have fabricated 
Ge-Ag hollow waveguides to reduce transmission loss, 
although the fabrication process of Ge-Ag hollow wave- 
guides is required to be more sophisticated than that of 
Ge-Ni hollow waveguides. 
B. Coupling from CO, Laser 
In practical situations, a laser light is incident to wave- 
guides directly by lenses with or without a launching 
waveguide. Therefore, the coupling loss should be taken 
into account for the evaluation of total waveguide losses 
which are different from those in Fig. 3. By using lenses 
with different focal lengths f, we investigated the total 
transmissions dependent on the beam diameter 2w, which 
is evaluated by using the relation w = f 8 where 28 is the 
full beam divergence angle. 
I I 
1 L 2 0 w & - -  0 6  0 8  ’ 1’0 1 2  
Thickness of Germanium Layer (urn) 
Thickness of Germanium Layer (pm) 
(b) 
Fig. 3.  Transmission losses of (a) Ge-Ni and (b) Ge-Ag hollow wave- 
guides as a function of the thickness of the germanium layer. 
Fig. 4 shows transmissions of Ge-Ni and Ge-Ag hol- 
low waveguides with a diameter of 1.5 mm. By making 
the launching condition suitable ( u / T  = 0.4 - 0.6), total 
losses of 0.32 dB (transmission of 93%) for the Ge-Ni or 
0.22 dB (transmission of 95%) for the Ge-Ag hollow 
waveguides were obtained for 1 m long waveguides, even 
when the beam is directly incident into waveguides from 
a laser. 
C. Bending Losses 
Among the waveguides we fabricated, we chose some 
characteristic waveguides and measured their bending 
losses. The waveguides are excited by linearly or circu- 
larly polarized light by a lens giving a maximum coupling 
efficiency. The first 20 cm of the waveguides are made 
straight, and the remaining 80 cm of them are bent with 
a uniform curvature 1 / R .  
We first show relative transmissions of an Ni hollow 
waveguide in Fig. 5 .  In addition to large losses in the 
straight waveguide, losses increase suddenly, even in mild 
bending regions. For circularly polarized light, bending 
losses are smaller than those for linearly polarized light 
whose polarization is parallel to the plane of curvature 
(Ell ) and are larggr than those for perpendicular polariza- 
tion ( E l ) .  
Fig. 6 shows bending losses of Ge-Ni hollow wave- 
guides. Fig. 6(a) and (b) correspond to waveguides with 
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Fig. 4. Transmissions of Ge-Ni and Ge-Ag hollow waveguides as a func- 
tion of the normalized spot radius w/Tof the incident beam. 
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Fig. 5. Bending losses in an Ni hollow waveguide as a function of cur- 
vature. A corresponds to the circularly polarized light. 0 and 0 cor- 
respond to the linearly polarized light whose plane of polarization is per- 
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Fig. 6 .  Bending losses in Ge-Ni hollow waveguides. (a) and (b) corre- 
spond to waveguides with a germanium layer of 0.41 and 0.61 pm in 
thickness, respectively. A ,  0, and U are the same as those in Fig. 5 .  
coating thicknesses of 0.41 and 0.61 pm, respectively, 
where the minimum [Fig. 6(a)] or maximum [Fig. 6(b)] 
losses are obtained in the straight waveguides as shown 
in Fig. 3. It is noted that the transmissions for E, are 
smaller than those for Ell when the thickness of the ger- 
manium layer is 0.61 pm. This phenomenon is never ob- 
served in ordinary metallic waveguides. The attentuation 
constant of the linearly polarized mode is the qrithmetic 
average of those of the TE and TM modes with a snitable 
multiplier [7]. By depositing the germanium layer prop- 
erly, the attentuation constant of the TM mode becomes 
smaller than that of the TE mode, which has a minimum 
loss in metallic waveguides [9]. Thus, the losses for E, 
are larger than those for Ell. 
Fig. 7 shows bending losses in a Ge-Ag hollow wave- 
guide. Although the loss difference between Ge-Ni and 
Ge-Ag hollow waveguides is at most a few percent in 
straight waveguides, the significant difference can be 
found in bent waveguides as seen from Figs. 6(a) and 7. 
D. High-Power Transmission Characteristics 
In order to see basic characteristics of the Ge-Ni and 
Ge-Ag hollow waveguides for high-power transmission, 
output power versus input power, the beam profile from 
a waveguide, etc., are investigated. 
Fig. 8 shows a measuring setup. An incident beam to 
the waveguides has a Gaussian distribution with circular 
polarization. The diameter 2w and the divergence angle 
of the beam from a laser are 15 mm and 1.5 mrad, re- 
spectively. The maximum output power from the laser-is 
500 W and the oscillating wavelength is 10.6 pm. The 
waveguides to be measured are inserted in a stainless steei 
pipe with inner and outer diameters of 2 and 3 mm, re- 
spectively, for the sake of safety. 
Fig. 9 shows the relation between input and output 
powers in a Ge-Ni hollow waveguide for different values 
of w / T .  When the diameter of the input beam is not op- 
timized, the output power is not always proportional to 
the input one in the case of higher input power. This is 
considered to be caused by the thermal effect: when w / T  
is 0.25,  the output power decreases to 80 W within the 
first 2 min, and the input end of the waveguide breaks 
down due to the temperature increase [14] for an input 
power of 100 W. However, no power decrease or appre- 
ciable temperature increase along the waveguide is found 
when w / T  is 0.42.  This clearly shows that the mode 
matching between the waveguide and the laser is impor- 
tant for high-power transmission. 
We next considered the transmission losses when a 
waveguide was bent. Fig. 10 shows the power transmis- 
sions when the output end of waveguide is transversely 
moved, which causes a bend in the waveguide. In this 
case, the first 20 cm of the waveguide were made straight. 
The moving distance of 25 cm corresponds to a bending 
radius of 1 . c m ,  assuming that the waveguide is bent uni- 
formly. It is clearly shown that making mode matching is 
very important to reduce an additional loss due to bends. 
Fig. 11 shows intensity patterns from a Ge-Ni hollow 
. 
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Fig. 7. Bending losses in a Ge-Ag hollow waveguide. A ,  0, and 0 are 
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Fig. 10. Transmission of Ge-Ni hollow waveguides when the output end 
of the waveguide is transversely moved. The input power is 100 W .  
waveguide when an acrylic block is irradiated for 5 s by 
input power to a waveguide of 100 W. When the axial 
distance from the output end of the waveguide is within 
1 C r r  _ _  
Fig. 11. Top and side views of holes in an acrylic block made by an output 
laser beam from a Ge-Ni hollow waveguide. As illustrated in the inset, 
Y is a lateral displacement of the output end of the waveguide, and Z is 
a distance from the end of the waveguide. 
10 cm, the shape of the output patterns can be regarded 
as circular. 
Fig. 12 shows the time dependence on the output power 
when the input power is increased to 500 W, where the 
outer surface of the waveguide is cooled by water and the 
hollow-core region is cooled by N, gas of 10 L/min. The 
maximum input power of 500 W is only limited by avail- 
able lasers in our laboratory. No power degradation can 
be found for 15 min of CW transmission. Recently, 1 kW 
of CW CO2 laser light was transmitted through a Ge-Ag 
hollow waveguide with a diameter of 1.5 mm and a length 
of 0.8 m, which will be reported in detail later. 
I v  . TRANSMISSION PROPERTIES OF GERMANIUM-COATED 
WAVEGUIDES FOR WIDE INFRARED WAVELENGTHS 
In previous sections, we mentioned transmission prop- 
erties of Ge-Ni and Ge-Ag hollow waveguides for CO2 
laser transmission. By choosing a thickness of the ger- 
manium layer properly, we can also design various kinds 
of hollow waveguides which have minimum or maximum 
transmission losses at arbitrarily given wavelengths in 
wide infrared wavelengths. To confirm this, we have 
measured the transmission losses of two kinds of wave- 
guides which have a minimum loss at 10.6 pm and have 
a maximum loss of 10.6 pm over wide infrared wave- 
lengths. For the former and the latter waveguides, the 
thickness of the germanium layer was 0.41 and 0.61 pm, 
respectively. 
Fig. 13 shows tke attenuation spectra of Ge-Ni hollow 
waveguides irradiated by an incoherent Gaussian beam 
whose half divergence angle is 3.5 O [ 151. The attenuation 
spectra theoretically predicted are also shown by taking 
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Time dependency of the output power of the Ge-Ag hollow wave- 
guide for an input power of 500 W. 
Wavelength (Pm) 
Fig. 14. Attenuation spectra of two Ge-Ni and two Ge-Ag hollow wave- 
guides measured with incoherent light. The thickness of the germanium 
is estimated to be 0.37 pm. 
V . CONCLUSION 
To see the reproducibility of our fabrication process, 
two Ge-Ni and two Ge-Ag hollow waveguides which 
have minimum losses at 10.6 pm have been fabricated, 
and their attenuation spectra are shown in Fig. 14. In these 
waveguides, the coating thickness is around 0.37 pm. We 
should also be noted that the coating thickness can be 
evaluated with an accuracy of less than 0.01 pm from the 
C 
c (I, Theoretical 
T 
can ensure that the reproducibility is very satisfactory. It 
;:v/
‘ 5  6 7 8 9 10 11 12 measurement of attenuation spectra. 
Wavelength (pm) 
(a) REFERENCES 
‘ 5  6 7 8 9 10 11 12 
Wavelength (pm) 
(b) 
Fig. 13. Attenuation spectra of Ge-Ni waveguides measured with inco- 
herent light. The coating thicknesses are (a) 0.41 and (b) 0.61 pm, re- 
spectively. 
the expected surface roughness of the metallic wall into 
account [15]. It is noted that the propagation character- 
istics of the waveguides in Fig. 13(a) and (b) are com- 
pletely different from each other by simply changing the 
thickness of the coating layer. Although many higher or- 
der modes are propagating in the hollow waveguides, the 
wavelength where the attenuation becomes maximum [see 
Fig. 13(b)] is coincident to that predicted theoretically. 
The waveguide with a minimum transmission at 10.6 pm 
has a maximum attenuation at 7 pm, which is also coin- 
cident to that predicted theoretically. Therefore, one can 
easily fabricate desired waveguides. Furthermore, wave- 
guides with a minimum loss at 10.6 pm (COz laser), 5 pm 
(CO laser), and 3 pm (Er-YAG laser) can be realized in 
Ge-coated waveguides, which will be useful for medical 
purpose [16]. 
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